A noninvasive method that employs 150_ water and positron-computed tomography (PCT) was used to measure quantitative local cerebral blood flow (lCBF) in man. 150-Water (about 30-50 mCi) was intro duced through a single-breath inhalation of 150-carbon dioxide or through an intravenous bolus injection of 150_ water. A sequence of five 2-min PCT scans was initiated at the time of tracer administration. A series of 15 -20 blood samples (1 ml each) was withdrawn from the radial artery of the subject over a period of 10 min. Oxygen-IS radioactivities in the blood samples were immediately counted in a well counter to give an input function, which together with the projection data collected by PCT were Cerebral blood flow (CBF) is an important physi ological parameter for assessment of brain function. Cerebral tissues depend on CBF for delivery of nu trients and for removal of metabolic products. Many methods for measuring CBF in man have be come available since Schmidt (1945, 1948a) developed the nitrous oxide method . Most of these methods require the in troduction of a diffusible tracer (N02, Xe, Kr, water, iodoantipyrine, etc.) through inhalation, in travenous injection, or carotid injection-the dynamic clearance information of the tracer in ce rebral tissue being measured either by sampling the arteriovenous difference of tracer concentration or, Abbreviations used: BBB, Blood-brain barrier; lCMRGlc , local cerebral metabolic rate fo r glucose; ICWV, local cerebral water volume; OM, orbitomeatal line; PCT, positron computed tomography. Yamamoto YL, Thompson CJ , Meyer E, Robertson JS, Feindel W (1977) Dynamic positron emission tomography fo r study of cerebral hemodynamics in a cross section of the head using positron-emitting 6RGa-EDTA and 77Kr. J Comput As sist Tomogr 1 :43 -56
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processed to provide images of lCBF and local water dis tribution volume. The method was found to be convenient to use and gave g<;lOd-quality images of lCBF. Quantita tive values of lCBF in images were 59 ± 11 and 20 ± 4 mllmin/lOO g for gray and white matter, respectively, with a gray-to-white matter ratio of 2.93 and a global flow value of 42 ± 8 mllmin/lOO g. Distribution volume of water was 0.85 ± 0.03, 0.76 ± 0.03, and 0.81 ± 0.02 mllg respectively, for gray matter, white matter, and whole brain. Key Words: Cerebral blood flow-Distribution volume of water-150-water-Positron computed tomog raphy.
in cases of gamma-emitting radioisotope tracers, by residue detection with scintillation detectors (Freygang and Sokoloff, 1958; Harper, 1967) . These methods have provided significant physiologic infor mation about brain functions (Kety and Schmidt, 1948b; Mangold et aI. , 1955; Sokoloff et aI., 1955; Ingvar et aI., 1965; Harper, 1967; Takeshita et aI., 1972; Sokoloff, 1976) and have been used for inves tigation of cerebral disorders (Kety et al., 194&'; Novack et at., 1953; Cohen et at., 1967; Ingvar and Risberg, 1967; Ingvar et aI., 1970) . However, be cause of the limitations of the measuring instru ments, CBF values obtained by these methods are average values over either the whole brain, hemi spheres, or a large volume of cerebral tissues.
With the recent development of positron com puted tomography (PCT) (Phelps et al., 1975) , radioactivity in small local regions of tissue can be measured quantitatively (Phelps, 1977; . The measurement by PCT is noninvasive and is well suited for human studies. For example, by adapting the deoxyglucose auto radiographic technique (Sokoloff et aI., 1977) , PCT has been used successfully for measuring local cerebral metabolic rate of glucose (lCMRGlc), with 18F-fluorodeoxy glucose as a tracer (Phelps et aI., 1979a; Reivich et aI., 1979; Huang et aI., 1980b) . Extending the PeT technique for measurement of local CBF (lCBF), however, is not as straightforward. The primary dif ficulty is that PCT usually requires the radioactivity distribution to be stationary (not changing as a func tion of time), whereas most CBF methods for hu man studies use the dynamic information of the de livery/clearance of tracer in tissue.
Generally, there are two ways of resolving this problem. One is to make multiple short scans, so that within the time of each scan, the radioactive distribution does not change much and can be con sidered as stationary. The other way is to use ap propriate tracers or to manipulate the tracer admin istration schedule so that the radioactivity distribu tion is not changing with time. The first way is more straightforward and has been used by Yamamoto et al. (1977) . In their studies, the subject was given 77Kr gas through inhalation. A series of short scans (30 s each) was taken to image the radioactivity dis tribution for 6-10 min as a fu nction of time. The initial clearance rate of 77Kr gas in cerebral tissue was used to calculate ICBF. Because of the short scan time of each scan, the total photons collected for each image was low, resulting in images of high noise levels and poor spatial resolution. The data processing time was long because of the large number of images needed to be reconstructed be fo re ICBF was calculated. Furthermore, even with scans as short as 30 s, the assumption of a station ary radioactivity distribution is questionable. Al though other methods (Kanno and Lassen, 1979; Holden et aI., 198 1) have been proposed to improve the short scan time problem, the procedures are generally not straightforward, and the practical ad vantages of these methods still need to be demon strated.
In the other way of using PCT for ICBF mea surements, two methods have been devised to ob tain a stationary distribution that satisfies the re quirement of PCT. One method uses 13N-ammonia as a flow tracer (Phelps et aI., 1977) . Ammonia in plasma is readily extracted by cerebral tissue in a single capillary passage and is retained in tissue for a long time (i.e., has a slow clearance rate) (Phelps et aI., 1977, 198 1) . Thus, ammonia is fu nctionally similar to microspheres. That is, its distribution in tissue reflects ICBF and is stationary for PCT mea surements. A drawback of the method is that the extraction fraction of ammonia is less than 100% (and therefore not strictly flow-limited) and is de- 1983 pendent upon the permeability of the blood -brain barrier (BBB), making it difficult to obtain quan titative values of ICBF from the PCT -measured l:lN-ammonia distribution in tissue. Despite these problems, 13N-ammonia has been used with PCT to provide very useful information of ICBF in humans (Kuhl et aI., 1980) .
A second method uses a constant infusion of a short-lived isotope (l50-water). After about 10 min, the net delivery of tracer by blood flow to brain tissue and the physical decay of the short-lived isotope in tissue reach an equilibrium. The equilib rium concentration in tissue is related to ICBF and can be measured with PCT (Jones et aI., 1976; Sub ramanyam et aI., 1978; Huang et aI., 1979a) . This method has been used successfully to measure ICBF in humans (Alpert et aI., 1977; Frackowiak et aI., 1980, 198 1; Baron et aI., 198 1; Rhodes et aI., 198 1) . However, the method requires the delivery of 150-water or 150-carbon dioxide (converted to I;O-water by carbonic anhydrase in lung) to be at a constant rate, directly from the cyclotron.
Recently, we have formulated ICBF measure ment methods that use 150-water, but without the requirement of constant infusion (Huang et aI., 198 1, 1982) , and so have others (Ginsberg et aI., 1981b (Ginsberg et aI., , 1982 Raichle et aI., 198 1) for use with PCT. These methods are all based on the original model of Kety and Schmidt (1948a) . The methods used by Raichle et aI. (198 1) and Ginsberg et al. (198 1b, 1982) are quite analogous to the classical au to radiographic technique of measuring ICBF in ex perimental animals (Landau et aI., 1955; Freygang et aI., 1958) . The method developed by us can mea sure ICBF and water distribution volume (i.e., par tition coefficient) simultaneously, and it combines the kinetics of tracer uptake and clearance into the PCT reconstruction directly. Basically, the method has allowed us to formulate the flow calculation in terms of the time integrals of the tissue radioac tivities, which can be reconstructed from the time integrals of the PCT projection measurements. Thus, PCT can be used to measure ICBF from the fast dynamic information, even though the radioac tivity in tissue is not stationary during each scan time. Also, because the method deals with the time fu nction of the projection measurements, the method can be used with nonstationary PCT scan ners (Huang et aI., 1982) .
This method has been tested on computer simulated data and found to give accurate results (Huang et aI., 1982) . In this paper, we report our initial results of using this method for ICBF mea surements in normal humans. The method was found to be convenient to use and provide good quality images of lCBF distribution . Average values of ICBF in gray and white matter and whole brain, as obtained by the present method, are consistent with those reported in the literature.
METHODS

Mathematical model and theory
The theoretical basis of the technique employed in the present study for the calculation of lCBF and local cere bral water volume (lCWV) has been described previously (Huang et ai., 1982) . The mathematical model is summa rized briefly in the following.
For each volume element that is resolved by the imag ing resolution of PCT, the transport of tracer in the ele ment is approximated as a single compartment. That is, tracer concentration is assumed to be uniform inside the resolution element at all times, and the transport of tracer out of the element is proportional to the tracer concentra tion in the element. If we let V denote the distribution volume of tracer (mUg) in the element, F (mIl min/g) be the blood flow, Ci(t) be the tracer concentration (ILCilml) in arterial blood, C(t) be the tracer concentration (ILCilml) in the element at time t. and A(min-l) be the physical decay constant of radioactive tracer, the rate of change of total radioactivity [Q(t) = C(t)V] in the element can be ex pressed as
The first term is the rate of new supply of tracer to ele ment; the second and the third terms are the disappear ance rates of tracer due to washout and to physical decay, respectively. In terms of the decay-corrected quantities (denoted by an asterisk), the rate of radioactivity change will be Q*(t) = F C*(t) -FC*(t)
(2) By first integrating Eqs. 1 and 2, the quantities F and V can be solved in terms of the tracer concentrations in blood (Ci and Ci*) and in the tissue element (Q and Q*) as (Huang et ai., 1982) I Q*dt [AI Qdt + Q(T)] -Q*(T)I Qdt Furthermore, since all the terms involving PCT mea surements [i.e., Q(t) and Q*(t)], except Q(T) and Q*(T), are the time integrals of the quantities, one does not need to reconstruct images of Q(t) and Q*(t) at all times. In stead, as previously demonstrated (Tsui and Budinger, 1978; Huang et aI., 1982) , one can integrate the time func tions of the PCT-collected projection data and recon-struct images of I Qdt and I Q*dt from the integrated pro jection data.
Preparation of l50-carbon dioxide and l5()-water Two-minute half-life 150 was produced at the Medical Cyclotron Laboratory by the 14N(d,n)150 reaction. Ni trogen gas, containing 1% oxygen carrier, at tOO pounds/ inch 2 gauge pressure was bombarded for 8 min with deuterons entering at 9.3 million e V energy. If 150-labeled carbon dioxide was desired, the target gas was released from the target chamber, passed over copper oxide granules at 450°C to produce CO2, then pumped directly to a plastic bag in the Nuclear Medicine Clinic through 450 feet of nickel tUbing. A measured volume was then transferred by syringe pump to a breathing bag, from which the patient inhaled the radioactive gas. If 150_ labeled water was required, the target gas was released at the end of bombardment, mixed with a flow of hydrogen gas, and the mixture passed over a heated palladium catalyst. The gas, now containing the 150 in the form of water vapor, was then bubbled through 4 ml of isotonic sodium chloride solution. This solution was drawn through a sterilizing filter membrane into a sealed sterile vial, assayed for radioactivity, and sent to the clinic via a pneumatic tube. Intravenous injections of this labeled water could be made within 4 min of the end of bombard ment.
Studies in humans
Studies were done in seven normal volunteer subjects (average age, 27.3 ± 7.3 years SD). Each subject was placed supine on the bed of a N euro ECA T scanner (EG&G Ortec, Oak Ridge, TN) (Hoffman et aI., 1981b) . A headholder was used to reduce the head movement of the subject, and the subject was positioned in the PCT scan ner for examination of the preselected brain cross sec tions. A small needle (23-gauge minicath set) was placed in the radial artery for arterial blood sampling. Before the introduction of the tracer, a blood sample (4 ml) was taken for analysis of Pco2 and pH. A separate sample (1 ml) was taken to determine chemically the water content of the blood.
In four studies, 150-water was introduced through in halation of 150-carbon dioxide. The subject was asked to inhale about 30-50 mCi of 150-carbon dioxide (300 ml in volume) in a single breath and to hold his breath for to-15 s. During the breath-holding period, more than 95% of the 150 label of CO2 in lung was transferred to water in plasma (West et ai., 1962) . The subject was then returned to normal breathing of room air. In three studies, l50-water (30-50 mCi) was injected intravenously.
Immediately after introduction of 150-water into the subject, PCT measurements were started and continued over a period of 10 min, as described below. Blood samples were taken from the subject for 10 min concurrent with the PCT measurements, at a rate of 116-7 s in the first 1-1.5 min and about 1Imin afterward,
giving a total of about 20 samples in to min. Radioactivity concentrations in blood samples were measured immedi ately in a precalibrated well counter.
In four subjects, a second study was performed about liz h later to image the cross-sectional levels between the ones selected in the first study. The tracer administration and data collection procedures were all identical to those in the first study. All studies were done under approval of the UCLA human subject protection committee. Total S.-c. HUANG ET AL.
body radiation dosage to the volunteer subject was esti mated to be under 90 mrad/50 mCi of 150-water intro duced. Radiation to the lung, the critical organ, is under 460 mrad/50 mCi of 150-water.
peT measurements and data processing PCT measurements were collected with a NeuroECAT scanner (Hoffman et aI., 1981b) . The "medium resolution sampling," "septa in," and "shadow shield out" options were used. The standard NeuroECAT software system was slightly modified in advance to save all the raw counts between each pair of coincidence detectors and The calibration between the NeuroECAT scanner and the well counter (for measurement of blood radioactivity concentrations) was performed according to the estab lished routine previously described in detail (Phelps et aI., 1979a,b; Huang et aI., 1980b) . Specific gravities (den sities) of 1.036 and 1.027 g/ml for gray and white matter (Cho et aI., 1975) , respectively, were assumed to calibrate the PCT measurements on a per-gram basis. For whole brain values, the specific gravity was assumed to be 1.032 g/ml.
Quantitative values of lCBF and ICWV were obtained Figure I shows a sequence of PCT images of two brain cross sections (4 cm above the orbitomeatal line (OM + 4) and OM + 7 cm) from the five 2-min scans taken after the administration of 150-water through CO2 inhalation. 150_ Water is initially trans ported to brain tissue proportionately to blood flow. Subsequently, the larger amounts of tracer trans ported to the higher flow tissues are cleared faster by the high blood flows. This accounts for the quick loss of contrast between gray and white matter in the later images. Eventually, the water tracer ap proaches a distribution similar to the distribution volume of water in tissue. Because of the fast physical decay of 150, the later images are seen to have higher noise levels. The total number of col lected coincidence counts per plane in the five se quential scans after administration of 40 mCi of 150-water in a typical study are about 1.74, 1.07, 0.45, 0.20, and 0.08 x 106 counts. In the studies with i. v. injection of 150-water, the time sequences of both the image pattern and detected counts were not found to be any different from those resulting from inhalation of 150-carbon dioxide. Figure 2 shows a set of 150-water images of human brain (at cross sections from OM + 8 to OM + 0 cm at I-cm intervals) in the first 2 min after tracer administration. These images also clearly re veal various gray matter structures, similar to the PCT images of fluorodeoxyglucose (FDG) in brain. The gray-to-white matter ratio in these images is about 2.06.
RESULTS
The time function of a projection measurement as collected by the NeuroECAT scanner in a typical study is shown in Fig. 3 . The decay-corrected curve can be obtained from this non-decay-corrected curve by applying appropriate decay correction factors for the measurements at various collection times. As shown by this curve, the time resolution cm to OM + 0 cm at about 1-cm intervals. Gray matter regions are seen to have higher tracer delivery, and the images show qualitative distribution of blood flow in brain.
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FIG. 1. PCT images of two cross sec tions (levels as indicated at top) of a human brain at various times after the introduction of 150-water through a single-breath inhalation of 150-carbon dioxide or by an i.v. bolus injection. Darkness in image corresponds to tis sue 150-water concentration, with black being the highest concentration. The scan time for each image was 2 min, and the number below each image is the mid-time of the scan. The two se quences of images were taken simulta neously with a NeuroECAT scanner that has a multi plane capability. The con trast in the early images shows 150_ water was initially transported more to gray matter, due to its higher blood flow. However, the flow pattern is gradually diminished due to higher tracer clearance in high blood flow re gions. Also, because of the short half life of 150 (2 min), the radioactivity in brain decreased rapidly and accounts for the high noise level in later images.
in the measurement of the projections was quite ad equate. Figure 4 shows a typical time activity curve in arterial blood after a single breath inhalation of 150-carbon dioxide. The 150 label is seen to have been transferred quickly from lung to blood. The short duration « 1 min) of the peak in the curve indicates that the 150-water was quickly distributed throughout the body and rapidly approached a near-equilibrium distribution. The curve after the first 2 min decreases very slowly (at a rate of about 3-6%/min, between 5 and 10 min). In the studies with i.v. injection of 150-water, the time activity curves in arterial blood were not found to be signifi cantly different from the one shown in Fig. 4 . Figure 5 shows the derived images of ICBF and lCWV at a cross section (OM + 4 cm) of brain, in a study using 150-carbon dioxide inhalation. By di viding the ICWV image by the ICBF image (on a pixel-by-pixel basis), an image of mean transit time can be obtained (Fig. 5) . The ICBF images were qualitatively similar to the first images taken im mediately after tracer introduction. A set of ICBF images corresponding to the initial 2-min images in Fig. 2 is shown in Fig. 6 for comparison. The gray to-white matter contrast in the initial images is seen Decay-corrected curves can be obtained by applying appro priate decay correction factors, and the areas under the decay-corrected curves provided an image of fO*dt.
to be lower than in the lCBF images . This lower contrast is due to the early clearance of 150-water from the high blood flow tissue (gray matter) that has already begun during the 2-min scan time for the initial images . Quantitative values of ICBF and lCWV obtained in the seven studies are shown in Table 1 . The blood pH and Pco2 values were, respectively, 7.42 ± 0.02 (SD) and 40.0 ± 2.6 (SD) mm Hg, well within the normal range. Average values of lCBF and ICWV were found to be 58 .5 ± 11.4 and 0.85 ± 0.03 for gray matter, and 20.0 ± 3.7 and 0.76 ± 0.03 for white matter, with a gray-to-white matter ratio of 2.93 and 1.13, respectively, for ICBF and ICWV. Average whole brain value was 42 ± 8 and 0.81 ± 0.02 for CBF and CWV. Percent water contents in whole blood were found to be 78 .9 ± 0.7% (SD) in the present studies, consistent with values previously obtained by the FIG. 6. A composite set of ICBF images corresponding to those in Fig. 2 . As compared to Fig. 2 , images of ICBF (Fig. 6 ) are seen to show similar characteristics, but have a higher gray-to-white ratio than images in Fig. 2 (Tables 1 and 2) . The lower contrast of Fig. 2 images is due to the partial clearance of 150-water in gray matter that has already occurred in sig nificant amounts during the first 2 min after tracer adminis tration. a Subjects are listed according to the chronological order of study . The first fo ur were studied with single breath inhalation of 15()_ carbon dioxide and the latter three with i. v. injection of I'O-water. The first three had one scan each (i.e., two to three cross sections), and the latter fo ur subjects had two scans about 1.5 cm apart.
oven method or the Karl Fisher reagent (David et aI., 1953) . These results, together with the lCWV values, would imply that the portion of rapidly ex changeable water in brain tissue is 0.67 ml/g in gray matter and 0.60 ml/g in white matter.
DISCUSSION
Images of l50-water
The present study demonstrates a convenient method of using l50-water and PCT to measure ICBF and ICWV. The tracer can be introduced through i. v. injection of ISO-water or through a single inhalation of 150-carbon dioxide [converted quickly to l50-water by carbonic anhydrase in lung and in plasma (West et aI., 1962) ]. As far as the tracer delivery of 150-water to brain tissue is con cerned, no significant difference was found between the two administration methods. With either method, tracer is mixed well with blood in the heart chambers before delivery to the tissues. Thus, ex cept for a small difference in transit time through the supplying arteries, all brain tissues are exposed to the same tracer concentration in blood. Since 150-water is rather freely diffused across the BBB of primates (Raichle et ai., 1976) , the delivered tracer (the amount of which is proportional to lCBF mul tiplied by tracer concentration) can diffuse quickly into the extravascular space. In other words, the initial amount of 150 radioactivity deposited in tis sue will be directly proportional to lCBF. Because l50-water is not chemically trapped in tissue, it will be cleared gradually from tissue by blood flow. The larger the blood flow is, the faster the clearance occurs, and the pattern of blood flow distribution is gradually lost. As shown in Fig. 4 , the peak con centration of tracer in blood appears at about 20 -30 s after tracer administration, and the concentration drops quickly to a relatively low level during the first minute. Thus, after the first minute, the clear ance of tracer from tissue is expected to be more than the delivery. This is also supported by the time function of projection measurement (shown in Fig.  3) , which, after the initial peak, decreases faster than the physical decay rate of 150, indicating a net clearance of tracer from brain tissue.
To evaluate the amount of water cleared from tissue during the first 2 min, the initial image was used to calculate approximate flow values, assum ing zero clearance, and the approximate flow values were compared with the values obtained in the pres ent studies. Without tracer clearance, flow can be calculated in a manner similar to that of the quan titative microsphere technique (Heymann et aI., 1977) , which uses the tissue uptake of tracer and a reference blood sample. We consider the initial image as the tissue uptake of radioactivity averaged over the first 2 min, and the average value over the first 2 min of the integrated blood curve (of the cor responding study) as the reference blood sample of unit flow. The approximate flow values were then calculated according to the formula used in the quantitative microsphere technique. The results, as shown in Table 2 , are seen to underestimate flows by 20-30% for whole brain, 30-40% for gray mat ter, and about 5% for white matter, as compared to the values in Table 1 . The larger underestimation of flow in gray matter than in white matter is expected, because the rate of clearance is proportional to flow, and accounts for the lower gray-to-white con trast of the initial images than in the lCBF images.
In the present study, the 2-min scan time for the first PCT images was chosen to get more photon counts (less random noise) at the expense of some loss of flow information. By shortening the scan time, the amount of clearance loss is lessened, and the initial images may better reflect the ICBF dis tribution in tissue but will have higher noise levels. However, an optimal scan time length will be de pendent on ICBF, which varies throughout the brain and might vary unpredictably in pathology. Also, since the primary emphasis of the present study is to obtain quantitative values of lCBF and ICWV, we have not devoted much effort to finding a scan time length that would optimize the signal-to-noise ratio of the first images to reflect relative flows. By judging from the similarity in distribution between the first 2-min images and the ICBF images in all the studies conducted in this work, the initial 2-min im ages are considered quite adequate for showing qualitative distribution of ICBF. The 150-water concentration in blood falls to a rather low level after the first minute ( Fig. 4 ) and the turnover time of 150-water in brain tissue is on the order of 1-2 min. Therefore, 9 min (more than three turnover times) after tracer administration, one might expect the distribution of 150-water in brain tissue to reflect the distribution volume of water. By taking the ratio of the whole brain average value in the last image to the 150-water concentration in blood at that time, we obtained such an estimate of the distribution volume of water over the whole brain; this is shown in Table 2 as the approximate water distribution volume. As compared to the properly calculated ICWV values in Table 1 , the approximate values in Table 2 are generally higher, by 15 -20%. The discrepancy is believed to be an indication that the water distribution has not reached an equilibrium, and there is still a net clear ance of water from tissue to blood at that time. This is supported by the continual decrease of 150 radioactivity in the arterial blood, even at 10 min after tracer administration (Fig. 4) . By assuming a flow rate of 45 mUmin/g and a distribution volume of 0.85 mUg, and using the measured blood curve ob tained in the present study, we found the ratio of J Cereb Blood Flo>!' Metabol. Vol. 3, No. 2, 1983 Gray-to-Approximate ICWV white ratio in whole brain of lCBF (ml/g) tracer concentrations between tissue and blood by computer simulation to be 0.98 mllg at 9 min, which was 15% higher than the true value of 0.85 mUg, consistent with the difference between the distribu tion volume values of Tables 1 and 2 . However, because of the short half-life of the 150 isotope (2 min), radioactivity in tissues became very low after 6 min, and the PCT images taken had high noise levels. Thus, without going through the data pro cessing procedure of Eqs. 3 and 4, which use all the collected data, the late images by themselves have limited value for showing the relative distribution volume of water in brain tissues.
Quantitative values of ICBF
In this work, quantitative values of ICBF were calculated. The average whole brain value of 42 ± 8 mUmin/ 100 g is in general agreement with the value of 40-50 mllmin/ 100 g reported in the literature (Kety and Schmidt, 1948a; Sokoloff et aI., 1955; Cohen et aI., 1967; Ingvar and Risberg, 1967; Obrist et aI., 1967; Takeshita et aI., 1972; Yamamoto et aI., 1977; Lauritzen et aI. , 198 1) . The lCBF value of 59 ± 11 mllmin/l00 g for gray matter is somewhat on the low side as compared to the literature value of 60-80 mUmin/ 100 g (Ingvar and Risberg, 1967; Ob rist et aI., 1967; Yamamoto et aI., 1977; Frackowiak et aI., 1980; Baron et aI., 198 1) . This slightly lower value is believed to be due mainly to the partial volume effect of imaging structures that have a size smaller than the imaging resolution (Hoffman et aI., 1979) . The ICBF values listed in Table 1 for gray and white matter are the average values over many regions of various structural sizes, most of which are smaller than the imaging resolution (1.2 cm), whereas the literature values of 60-80 mUmin/ 100 g were obtained either by methods that are indepen dent of imaging resolution (Ingvar and Risberg, 1967; Obrist et aI., 1967) or from structures that are large enough to have a recovery coefficient close to unity (Frackowiak et aI., 1980) . We chose to report values that are averaged over many regions because they are less sensitive to the exact brain cross sec tions imaged, are less sensitive to the image noise level, and are realistic in terms of applying the tech � nique.
As compared to the results of Frackowiak et aI. (1980) , who used a constant infusion technique, the higher value of their results could also be due partly to their assumption that the distribution volume of water was equal to 1. In other words, their results can be viewed as flow per unit distribution volume of water. With the values of 0.85 mUg (gray) ob tained in this study for distribution volume, the ICBF value of 65.3 mUmin/ 100 ml of water distribu tion volume in gray matter as reported by Frack owiak et al. (1980) is equal to 55.5 mUmin/l00 g of gray matter, which is in the same range of values reported in Table 1 .
Another source of possible underestimation of ICBF by the present technique is its intrinsic char acteristic of underestimating the flow and distribu tion volume when there is admixture of gray and white matter within the space of an imaging resolu tion element (Huang et aI., 1982; Lammerstma et aI., 1981) . For the resolution that can be achieved by the present PCT scanners (1.2 cm FWHM in plane x 1.3 cm FWHM in thickness), this tissue admixture problem is unavoidable. However, as shown by simulation studies (Huang et aI., 1982) , the underestimation due to this source is about 5-6%.
In spite of the problems discussed .above, the ICBF values and the gray-to-white matter ratio (2.9) that were obtained in this work are in agreement with the values obtained by other methods, espe cially when one considers the wide differences in technique, ranging from tracer and instrumentation to data analysis (Kety and Schmidt, 194&1; Ingvar and Risberg, 1967; Obrist et aI., 1967; Yamamoto et aI., 1977; Frackowiak et aI., 1980) . The variability of flow values among the subjects studied is, however, rather large (about 19% SD). The blood Pco2 values of these subjects have a standard deviation of about 7%, which may have caused some of the variability in blood flow but is probably not responsible for all the variations. The correlation of the flow values with age was also found to be insignificant (correlation coefficient = 0.4). Some of the variation could be due to the dif ferent brain levels that were measured in different subjects. Also, the subjects that have the largest deviation from the average values are the early studies, when only one scan was obtained for each subject and the experimental procedure was still in the early developmental stage. As a comparison, the standard deviation of the flow values in the last four studies is only about 10%, quite consistent with the CBF variation predicted from the 7% variation in Pco2 (Grubb et aI., 1974) . This reduction in vari ation is believed to be due to (1) an improvement in skill of personnel in performing the experiments and (2) a better averaging of the partial volume effect by taking a larger number of brain sections. The use of a different tracer administration method (i. v. injec tion of water versus inhalation of CO2) in the later studies could also be a possible cause for the reduc tion in variability, although there is no apparent rea son to explain it. More studies are being planned to investigate and improve the accuracy of the tech nique.
Quantitative values of ICWV
The distribution volume of water obtained in this work is 0.85 ± 0.03 and 0.76 ± 0.03 mUg for gray and white matter, respectively. The gray-to-white matter ratio of 1.13 ± 0.05 is quite consistent with the ratio reported in the literature (McIlwain and Bachelard, 1971) . However, with a water content of blood of 79%, the distribution volumes of 0.85 and 0.76 mUg would imply that the water contents in gray and white matter should be 67% and 60%, re spectively. These water contents are about 15% lower than the chemically analyzed values of 83% and 70% reported in the literature for gray and white matter (McIlwain and Bachelard, 1971) . The dis crepancy could be due to a number of factors, among which random error probably can be ruled out because the variation in ICWV among the studied subjects (�3%) is significantly smaller than the discrepancy in question (15%).
As mentioned earlier, the technique employed in the present work could underestimate the ICWV values if there is admixture of tissues within an image resolution element. The amount of under estimation was found through computer simulations to be about 5% when the admixture was 50% gray and 50% white matter (Huang et aI., 1982) . For other mixture ratios, the amount of underestimation would be even smaller. Thus, the admixture prob lem cannot fully account for the discrepancy found above.
Another aspect that needs to be examined is that the tracer 150-water is only about 95% freely dif fusible across the BBB in primates (Eichling et aI., 1974; Raichle et aI., 1976) , and the single compart ment in the model assumes a value of 100%. Whether the low ICWV value is due to this ap proximation can be examined by comparing the tracer concentration in tissue to that in blood at late times (�9 min) when the blood curve varies very slowly. At these times, the tissue concentration is gradually approaching its equilibrium value, which only depends on the distribution volume and not on the diffusion limitation of the tracer. In the present studies, because a high concentration of tracer was delivered initially to tissue with a subsequently small and decreasing delivery (Fig. 4) , a net tissue clearance of tracer occurred after the initial phase. Thus, at late times, the tissue-to-blood concentra tion ratio should be larger than (before equilibrium is reached) or equal to (after equilibrium) the dis tribution volume of water.
U sing computer simulations and assuming a model that includes diffusion limitation of water across BBB (Huang et aI., 1979a) , we have found that, for the normal CBF ranges and for the blood curves measured in the present work, the ratio of tissue to blood concentrations at 9-10 min is about 15% higher than the equilibrium value if tracer is 100% freely diffusible, and the ratio is larger if tracer is less than 100% diffusible. In other words, the true value of ICWV is expected to be at least 15% lower than the ratio of tissue to blood concen tration at 9-10 min. In our studies, the ratio of tis sue to blood concentration over the whole brain at 9 min is shown in Table 2 to be 0.97, which would correspond to an ICWV value of <0.84 mUg, con sistent with the value based on the model in this work (Table 1 ). This consistency suggests that the model is not responsible for the low lCWV obtained in this study.
Regardless of whether a model is used or not, ICWV values are basically derived from the ratio of the labeled water concentration in tissue (measured by PCT scanner) to that in blood (measured by a well counter). Any error in the PCT measurements or in the calibration between the two measuring de vices can be reflected directly in the calculated lCWV values. Many physical factors and recon struction parameters, such as scattering, random coincidence, dead time, calibration, and sampling and attenuation correction, could affect the mea surements of PCT (Hoffman et aI., 1979 (Hoffman et aI., , 1981a Huang et aI., 1979b Huang et aI., , 1980a . In the present study, all these factors had been carefully considered in order to minimize their possible adverse effects. For example, transmission measurements were used for attenuation correction. A headholder was used to reduce subject movements. The "septa in" option was chosen to reduce scattering and randoms (sub tracted from data), but shadow shields were "out" to increase detection efficiency (and thus reduce noise) and to match the NeuroECAT's medium sampling distance, which was chosen to improve J Cereb Blood Flo!\' Metabol, Vol. 3, No. 2, 1983 the temporal resolution and to reduce processing time. Although it is not exactly known whether these considerations have completely eliminated all the possible systematic errors, the PCT mea surements were done as carefully as possible. Also, the same PCT measurement technique has been quite successful in providing accurate mea surements of other physiological parameters, like blood volume, ICMRGIc, and flow (Phelps et aI., 1979a,b; Huang et aI., 1980b; Wisenberg et aI., 1981) . Therefore, it is unlikely that a systematic error of > 15% could be due to the PCT mea surements.
A possible hypothesis that can explain the dis crepancy is that, during the time course of these studies, not all the water in tissue is freely ex changeable with water in blood. A relatively small fraction of water molecules could be tightly bound to other large molecules in tissue (i.e., water of hy dration) and normally have a very slow exchange rate with the freely exchangeable water molecules. Using in vitro experiments, Ginsberg et ai. (1982) have recently determined the tissue-to-blood ratio of 150-water in rat brain to be 0.956 mUg at 10 min after tracer injection. Like the results of the present study, the value of 0.956 mUg is also lower than the ratio of total water content, tissue-to-blood, which is about 1.05 mUg (because rat brain contains mostly gray matter, and assuming water content in gray matter and blood of rat are the same as in humans). The result is consistent with the hypothesis that not all of the tissue water is freely exchangeable within the duration of this study. However, more in vitro studies that would measure the tissue-to-blood ratio at later and multiple times are needed to investigate the hypothesis.
Procedure of the present technique
For the present technique, tracer can be intro duced through i. v. injection of 150-water or through single breath inhalation of ISO-carbon dioxide. Both methods are easy to use. However, the single breath inhalation method requires some coopera tion from the subject that may be difficult for certain patients or undesirable for certain stimulation studies. No significant difference in radiation dose is expected between the two techniques, although the inhalation method may give a slightly higher dose because of a longer resident time of 150-carbon dioxide in the lung.
The measurement time of 10 min was chosen be cause the 150 radioactivity at 10 min had dropped to about 3% of its initial value. After 10 min, the photon counting noise is too large to give more in formation. However, in this work, no attempt was made to adjust this measurement time to optimize the signal-to-noise ratio of the ICBF and lCWV im ages. Neither have the other parameters (like tem poral sampling times, duration of tracer introduc tion, processing time, etc .) been optimized in the studies reported here. Work is being done in our laboratory to examine these parameters for optimi zation of the technique.
The most invasive step in the procedure is the sampling of arterial blood to give the 150-water input function . Less invasive methods are being ex amined to replace this step . It is hoped that the whole procedure can be fu rther improved and the technique made more convenient.
Labeled water as a flow tracer
It is generally believed that the tracer used in the clearance methods for CBF studies should be inert and 100% fr eely diffusible into tissue. Labeled water is known to be less than 100% diffusible across the BBB (Eichling et ai ., 1974; Bolwig et ai., 1975; Raichle et ai ., 1976; Go et ai., 1981) . This has raised some doubts about whether labeled water is an ap propriate tracer for CBF studies . The main reason that a 100% diffusible tracer is preferred is to avoid any flow dependence on the tracer's extraction fraction. This dependence would cause the relation ship between tracer uptake and flow to be non linear, with the degree of nonlinearity directly re lated to the degree of the flow dependence . For labeled water, the extraction fr action is larger than 95% in brain tissue of primates within the physio logical flow range, and the nonlinearity between tracer uptake and flow is not expected to be serious . Also, if necessary, the finite permeability of water across the BBB can be taken into account by mod ification of the model (Huang et ai., 1979a) . The requirement that the permeability surface product be constant for simple modeling is also well satisfied by labeled water (Go et ai., 1981) . Thus, the <100% free diffusibility of water across the BBB should not cause problems for its use as a flow tracer for measuring lCBF.
The potential variability of its distribution volume is another possible source of error for using a dif fu sible tracer as a flow tracer . For the measurement techniques that require an assumed value of the distribution volume that can also vary greatly (e.g., xenon), partiCUlarly in different abnormal tissues, this variability certainly is a concern . However, with the present technique, ICBF and lCWV are measured at the same time, and the technique does not assume any advance knowledge about the size of distribution volume . Also , the variation in dis tribution volume of water is not expected to vary much, even in pathological cases (Tower, 1976) . Therefore, the variability of distribution volume for water will not be a problem, especially when the present technique is used.
The advantages of using 150-water for CBF studies are many. The short half-life of 150 gives low radiation dosage to the subject, and studies can be repeated in sequence with minimal delay. Water is chemically inert in tissue and does not have any potential side effects. There are other tracers that can be used for ICBF studies with PCT (Ginsberg et aI., 1981a; Holden et ai ., 1981) . However, their overall advantages and disadvantages relative to 150-water still need to be shown.
The general approach presented in this work for using PCT to collect fast dynamic information and for estimating flows from dynamic information is also expected to be applicable for other diffusible tracers .
